In breast cancer, the tumor microenvironment plays a critical role in the tumor progression and responses to therapy. Tumor-associated macrophages (TAMs) are major innate immune cells in tumor microenvironment that regulate intratumoral immunity and angiogenesis by secretion of cytokines, growth factors as well as chitinase-like proteins (CLPs), that combine properties of cytokines and growth factors. YKL-39 is a chitinaselike protein found in human and absent in rodents, and its expression in TAMs and role in breast cancer progression was not studied to date. Here for the first time we demonstrate that YKL-39 is expressed on TAMs, predominantly positive for stabilin-1, but not by malignant cells or other stromal cells in human breast cancer. TGF-beta in combination with IL-4, but not IL-4 alone was responsible of the stimulation of the production of YKL-39 in human primary macrophages. Mechanistically, stabilin-1 directly interacted with YKL-39 and acted as sorting receptor for targeting YKL-39 into the secretory pathway. Functionally, purified YKL-39 acted as a strong chemotactic factor for primary human monocytes, and induced angiogenesis in vitro. Elevated levels of YKL-39 expression in tumors after neoadjuvant chemotherapy (NAC) were predictive for increased risk of distant metastasis and for poor response to NAC in patients with nonspecific invasive breast carcinoma. Our findings suggest YKL-39 as a novel therapeutic target, and blocking of its activity can be combined with NAC in order to reduce the risk of metastasis in breast cancer patients.
Introduction
Breast cancer is the most frequently diagnosed malignant disease and the leading cause of cancer death among females worldwide, with approximately 2.4 million cases and 523,000 deaths in 2015. 1 In breast cancer, the immune component of tumor microenvironment plays a critical role in the tumor progression and affects the tumor growth, vascularization, metastasis and responses to therapy. [2] [3] [4] Tumor-associated macrophages (TAMs) are abundant immune cells in human breast cancer, and their supportive role in the breast cancer progression was demonstrated in the animal models. [5] [6] [7] In human, positive correlation of TAMs with local lymph node and distant metastasis was found. 3, [8] [9] [10] However, the negative correlation of macrophage accumulation in specific intratumoral areas with lymphatic metastasis suggested that subpopulations of TAMs can retain anti-tumor properties in human breast cancer. 11, 12 Macrophages control tumor growth and spread by secretion of cytokines, extracellular matrix components enzymes, and growth factors. 3, 13, 14 Macrophages also serve as a major source of chitinase-like proteins (CLPs), that include YKL-40 (chitinase 3-like 1, CHI3L1), YKL-39 (chitinase 3-like 2, CHI3L2), SI-CLP (stabilin-1 interacting chitinase-like protein), and YM1/2 (chitinase-like 3/4, CHI3L3/4). 15 CLPs possess lectin properties and combine biological activities of cytokines and growth factors.
YKL-39 is a very close homolog of YKL-40, and was originally discovered as an abundantly secreted protein in primary culture of human articular chondrocytes. 29 YKL-39 was suggested as a biomarker for the activation of chondrocytes and osteoarthritis (OA) progression in humans. 30, 31 The only known study about the relationship between YKL-39 and cancer was reported by Kavsan et al. , who demonstrated increased expression of CHI3L2 gene in glioblastoma. 32 However, the role of YKL-39 in the regulation of tumor microenvironment was not addressed up to date, and cell types producing YKL-39 in tumors were not identified.
In this study for the first time we have demonstrated that YKL-39 is expressed in TAMs in human breast cancer. TGFbeta (in presence of IL-4) was found to be the key factor stimulating protein production and secretion of YKL-39 in human primary macrophages on the late stages of their differentiation. Mechanistically, stabilin-1 was shown to act as a sorting receptor for targeting endogenous YKL-39 into the secretory pathway. YKL-39 had strong chemotactic effect on primary human monocytes and efficiently stimulated angiogenesis in vitro. Further, we found that elevated levels of YKL-39 expression in tumor mass after neoadjuvant chemotherapy (NAC) positively correlated with the increased risk of distant metastasis and with poor response to NAC in patients with nonspecific invasive breast carcinoma.
Results

YKL-39 is predominantly expressed in soft fibrous stroma in human breast cancer
In order to identify whether YKL-39 is expressed in human breast cancer, we analyzed samples from 36 female patients with non-specific invasive breast cancer (T1-4N0-3M0-1), who have not received preoperative neoadjuvant therapy (NAC). Human breast cancer has heterogeneous structure, where distinct morphological compartments are linked to the functional characteristics of these tumor areas and characterized by different macrophage phenotypes. 11, 12 Expression of YKL-39 was identified using anti-YKL-39 mouse monoclonal antibody (clone 4E10, generated by us) by immunohistochemical analysis (IHC) in five morphologically and functionally distinct areas of tumor: (1) areas with soft fibrous stroma; (2) areas with coarse fibrous stroma; (3) areas of "maximum stromal-andparenchymal relationship", where the individual tumor cells, short strands and groups of tumor cells arranged in soft fibrous stroma; (4) among parenchymal elements; (5) in gaps of ductal tumor structures (Fig. 1) . In parallel, the presence of TAMs in these five areas was identified with a general macrophage marker CD68 (Fig. 1) . The highest expression of YKL-39 was found in areas with soft fibrous stroma, where high amounts of CD68C macrophages were also present. The lowest expression of YKL-39 was detected in areas with coarse fibrous stroma characterized by the impaired synthesis of extracellular matrix (ECM) and leukocytes extravasation, where low amounts of CD68C TAMs were detected (Tables 1 and 2 ). These data indicated that expression patterns of YKL-39 and CD68 overlap, and that the highest expression of YKL-39 is observed in the tumor areas enriched in TAMs.
YKL-39 is expressed by tumor-associated macrophages but not by cancer cells or other stromal cells YKL-40 and SI-CLP, close homologs of YKL-39, can be produced both by cancer cells and macrophages. 26, 33 In order to identify cell types that express YKL-39 in human breast cancer, immunofluorescent/confocal microscopy analysis of tumor samples obtained from 10 breast cancer patients was performed. TAMs were identified by CD68 and by stabilin-1 (marker of M2 macrophages) which is expressed only on part of CD68C TAMs and marks also the subpopulation of CD68-TAMs in human breast cancer. 7 YKL-39 was expressed on both CD68C and stabilin-1C positive TAMs; where CD68CYKL-39C constituted 25% and stabilin-1CYKL-39C constituted 73% of total TAMs population ( Table 3 , Fig. 2A and B) . YKL-39 expression was not detected on cytokeratin AE1/AE3C cancer cells, on the FAPC intratumoral fibroblasts or on CD31C vascular cells (Fig. 2C-2E ). Our data indicated that YKL-39 is expressed only on TAMs in human breast cancer, with a predominant expression on the stabilin-1C TAMs.
YKL-39 production is stimulated by TGF-beta in primary human monocyte-derived macrophages Next, we analyzed the mechanism of YKL-39 protein production by macrophages. TAMs in breast cancer have pronounced M2 phenotype. In order to model TAMs-like M2 phenotype ex vivo, we used stimulations with IL-4 and TGF-beta to differentiate primary human blood-derived monocytes into mature macrophages for 6 days and 12 days. Previously we observed that YKL-39 mRNA is upregulated by the combination of IL-4 and TGF-beta on day 6 of macrophage differentiation. 34 However, YKL-39 protein production by macrophages was not analyzed to date. RT-qPCR analysis of macrophages derived from 6 individual donors demonstrated that TGF-beta in combination with IL-4, but not IL-4 alone had a strong inducing effect on YKL-39 gene expression, and this stimulatory effect was significantly increased from day 6 (13.4 fold, p < 0.05) to day 12 (62.2 fold, p < 0.05) (Fig. 3A) . Expression and localization of the endogenous YKL-39 protein in human primary macrophages were examined by the immunofluorescence/confocal microscopy using a-YKL-39 rat monoclonal antibody (rat mAb18H10, generated by us). We found that YKL-39 protein is localized in vesicular structures in macrophages differentiated under stimulation with IL-4CTGF-beta for 6 days and 12 days (Fig. 3B) . Macrophages are professional secretory cells that use both conventional and lysosomal secretory pathways. 35 We have previously reported that another CLPs member, SI-CLP, is sorted into the endosomal/lysosomal system in human monocyte-derived macrophages. 33 Therefore, we examined whether YKL-39, similar to SI-CLP, is sorted into the lysosomal secretory pathway in macrophages. Monocytes were stimulated with TGF-beta in combination with IL-4 for 12 days to induce the highest level of YKL-39 expression, and intracellular localization of YKL-39 was examined using markers for vesicular compartments. Endogenous YKL-39 was found in the trans-Golgi network, the sorting compartment of the biosynthetic pathway, where it was partially co-localized with stabilin-1 (Fig. 4 ). Only very rare events of co-localization were observed for YKL-39 with early endosomal marker EEA1 (data not shown) or late endosomal marker p62 lck (Fig. 5A) suggesting that YKL-39 is targeted to the endosomal/lysosomal system, however, is only transiently present in the endosomes. YKL-39 was frequently localized in lysosomes identified by major lysosomal marker LAMP-1 as well as by CD63, a specific marker for secretory lysosomes in macrophages ( Fig. 5B and 5C). The pattern of intracellular YKL-39 distribution was similar to the pattern previously demonstrated for SI-CLP 33 suggesting that YKL-39, at least partially, can be secreted by the lysosomal secretory pathway. Secretion of YKL-39 was analyzed by ELISA, and secreted YKL-39 protein was detected on day 12 in the conditioned medium of macrophages differentiated in the presence of IL-4CTGF-beta, but not IL-4 alone (Fig. 6 ). In summary, we demonstrated that TGF-beta, essential regulator of breast cancer progression, stimulates both gene expression and release of YKL-39 in macrophages. Immunohistochemical analysis of YKL-39 and CD68 expression in intratumoral compartments of human nonspecific invasive breast carcinoma. YKL-39 was visualized using anti-YKL-39 mouse monoclonal antibody (clone 4E10). CD68 was visualized using anti-CD68 mouse monoclonal antibody (Dako, clone PG-M1). Visualization of nuclei was performed using hematoxylin. Scale bar 100 mm (£ 400).
Stabilin-1 acts as a sorting receptor for YKL-39
Stabilin-1 was previously identified by us as a sorting receptor for SI-CLP in macrophages. 33 Here we tested the hypothesis that stabilin-1 can act as a sorting receptor for YKL-39. Co-localization of YKL-39 and stabilin-1 was examined in IL-4CTGF-beta stimulated human macrophages. It was found that endogenous YKL-39 partially co-localizes with stabilin-1 in the trans-Golgi network (TGN) and in the stabilin-1 positive vesicles around the nuclear area (Fig. 4) . Taking into consideration that YKL-39 was very rarely present in the EEA1C early endosomes (data not shown), co-localization of YKL-39 and stabilin-1 was found in secretory but not in the endocytic pathway, providing the argument towards the role of stabilin-1 as an intracellular sorting receptor for YKL-39 in macrophages. Direct interaction of stabilin-1 and YKL-39 was demonstrated using GST pull-down assay using stabilin-1 fragments in the bacterial expression system. It was found that human recombinant YKL-39 binds to the GST-fused P9 fragment of stabilin-1 (GST-St-P9) that contains fasciclin domain 7, and to the fasciclin domain7 itself (GST-St1-F7), but not to the cytoplasmic tail of stabilin-1 (GST-St1-C) or to the GST alone ( Fig. 7A-7C) . Therefore, the interaction with YKL-39 is mediated by the fasciclin 7 domain of stabilin-1. Furthermore, the function of stabilin-1 in the intracellular sorting of YKL-39 was assessed in the model of HEK293 cell line stably transfected with the pSNP-YKL-39-FLAG construct, where YKL-39 was frequently localized in the nuclear globular structures. Transient overexpression of stabilin-1 resulted in the re-localization of YKL-39-FLAG into stabilin-1 positive cytoplasmic structures indicating that stabilin-1 can act as an intracellular sorting receptor for YKL-39 (Fig. 7D) .
Recombinant YKL-39 protein promotes monocytes migration
Recruitment of monocytes into tumor tissue is a critical process on all stages of tumor progression. 3, 36 Chemotactic activities of chitinase-like proteins YM1 and YKL-40 towards immune cells were demonstrated previously. 26, 37 Here we investigated the Table 3 . Phenotype of macrophages in tumors of patients with nonspecific invasive breast carcinoma detected by confocal microscopy.
Notes: C/C cells positive by two markers; C/¡cells positive by only first marker; -/Ccells positive by only second marker.
chemotactic effect of recombinant human YKL-39 towards human primary monocytes. The ability of YKL-39 to induce migration of freshly isolated CD14C monocytes was assessed in the trans-well system. As a positive control the major monocyte chemotactic agent MCP-1/CCL2 was used in parallel.
Amounts of migrated cells were quantified on the membranes and in the lower chambers. In both cases, the chemotactic effects of YKL-39 were detected after 1 h and 3 h of stimulation.
On the membranes, YKL-39 stimulated migration of monocytes 1.84 times (p < 0.01) after 1 h and 1.98 times (p < 0.01) after 3 h compared to the non-stimulated control. Quantification of monocytes migrated in the lower chamber Figure 2 . YKL-39 is expressed by tumor-associated macrophages but not by malignant or other stromal cells in human nonspecific invasive breast carcinoma. YKL-39 was detected by immunofluorescent staining using anti-YKL-39 rat monoclonal primary antibody (clone 18H10) and Cy3-conjugated anti-rat secondary antibody (visualized in red). CD68 was detected with mouse primary and Alexa488-conjugatied anti-mouse antibody; stabilin-1 was detected with rabbit primary and Alexa488-conjugatied antirabbit antibody; cytokeratin AE1/AE3 -with mouse monoclonal primary and Alexa488-conjugatied anti-mouse antibody, CD31 -with mouse monoclonal primary and Alexa488-conjugatied anti-mouse antibody; FAP -with mouse primary and Alexa488-conjugatied anti-mouse antibody (all visualized in green). Visualization of nuclei was performed using DRAQ5 (blue).
demonstrated even stronger chemotactic effect of YKL-39: 1.91 times (p < 0.01) after 1 h and 5.6 times (p < 0.01) after 3 h compared to control. Effect of YKL-39 on the migration of monocytes in the lower chamber after 3 h was comparable with the effect of MCP-1/CCL2 (appr. 65% of the CCL2 effect) (Fig. 8) . The migration assay demonstrated that YKL-39 has a chemotactic activity towards primary monocytes.
YKL-39 does not stimulate proliferation or apoptosis in breast carcinoma cells
Since YKL-39 is expressed by TAMs in human breast cancer, we analyzed whether YKL-39 can have direct effect on breast cancer cells. MCF-7 cells were stimulated with recombinant YKL-39 for 24 hours and 48 hours, followed by assessment of proliferation using Click-iTEdU Flow Cytometry Assay Kit. No difference in proliferation of MCF-7 cells in the presence of YKL-39 stimulation was detected ( Fig. 9 ). Analysis of DNA fragmentation demonstrated that YKL-39 was not able to induce apoptosis of MCF-7 or enhance staurosporine-induced apoptosis in these cells (data not shown). Therefore, it was concluded that YKL-39 can have effect on the tumor microenvironment but not on the biology of cancer cells.
YKL-39 stimulates angiogenesis in vitro
It was previously demonstrated that YKL-40 acts as an angiogenic factor to promote tumor angiogenesis. 22 We tested the hypothesis that YKL-39, similarly to YKL-40, can have a proangiogenic activity in vitro using tube formation assay with HUVEC cells. EGM (VEGF-containing endothelial cell growth medium), was used as a positive control. The tube formation induced by recombinant YKL-39 were 5.95 (100 ng/ml) and 5.98 (1 mg/ml) times higher than that were observed in the negative control group ( Fig. 10A and 10B ). YKL-39 was found to induce endothelial cell tube formation on the level similar to the positive control: 68.9% (100 ng/ml) and 69.2% (1 mg/ml) of positive control.
Elevated levels of YKL-39 after neoadjuvant chemotherapy are predictive for high metastatic potential and tumor resistance to the treatment The gene expression of YKL-39 was assessed by RT-qPCR in biopsy specimens of 40 female patients with invasive breast carcinoma of no special type before and after preoperative NAC treatment. We analyzed the correlation of YKL-39 gene expression levels in tumor tissues before and after the course of NAC with main clinical and pathological parameters (age, menstrual status, histological type, molecular subtype of tumor, receptor status, tumor size, lymph node status, summarized in the Table 4 ) with the effect of NAC as well as with the frequency of distant metastasis (Table 5 , Fig. 11 ). We did not find statistically significant differences in YKL-39 expression levels in patients with tumor size T1-2 and T3-4 both before and after neoadjuvant therapy (Table 5 ). Statistically significant correlations were identified for YKL-39 expression levels after NAC with efficiency of NAC and with the frequency of metastasis (Table 5 , Fig. 11 ). Significantly higher expression levels (appr. 6.6 times) of YKL-39 were found in patients with stable disease or progressive disease compared to patients with the objective response (partial response) (p D 0.043, Table 5 ). Distant metastases during the 5-years follow-up period were identified in 12 out of 40 patients. Expression levels of YKL-39 in breast tumors before NAC did not demonstrate statistically significant difference in patients with metastasis and in patients without metastasis (Fig. 11A) . However, in patients with metastases, the expression levels of YKL-39 in tumor tissue obtained after NAC were more than 6 times higher in patients with Human CD14C monocytes were cultured for 6 and 12 days (non-stimulated macrophages were used as a control). The gene expression levels of YKL-39 were normalized to GAPDH mRNA expression. Monocytes were cultured for 6 and 12 days (non-stimulated macrophages were used as a control). The graph represents mean values for monocyte-derived macrophages isolated out of six individual donors with standard deviations. The expression levels of YKL-39 mRNA were normalized to the GAPDH mRNA. For statistical analysis Student's t-test was used ( Ã p < 0.05). Error bars represent SE. (B) YKL-39 protein is up-regulated in IL4CTGF-beta stimulated macrophages. Human CD14C macrophages were stimulated with IL4 or stimulated with IL4CTGF-beta for 6 and 12 days. YKL-39 protein was identified by immunofluorescent staining using rat mAb 18H10 and anti-ratAlexa488-conjugated secondary antibody (shown in green) and visualized by confocal microscopy. metastasis compared to the patients without metastases (p D 0.027) (Fig. 11B ). Our data demonstrate that elevated levels of YKL-39 in the tumor tissues after NAC are indicative for poor prognosis.
Discussion
In this study for the first time, we identified YKL-39 as a maker for TAMs in human breast cancer. We demonstrated that production of YKL-39 in long-term differentiated human primary macrophages is induced by TGF-beta in combination with IL-4, but not by IL-4 alone. TGF-beta is a multifunctional growth factor that plays a major role in the initiation and progression of cancer by affecting proliferation, apoptosis, and differentiation of cancer cells in the tumor microenvironment. 38 During tumor growth and progression, a significant amount of TGFbeta is produced by cancer and stromal cells and secreted in the tumor microenvironment. 39 An increased expression of TGFbeta was shown to correlate with the malignancy of different cancers. 40, 41 Our data suggest that YKL-39 can be used as a biomarker for the TGF-beta induced macrophage differentiation in human cancer. Mechanistically, we found that targeting of YKL-39 to the secretory pathway in macrophages is mediated by stabilin-1, multifunctional sorting receptor expressed by TAMs in human breast cancer that supports tumor growth in a mouse breast adenocarcinoma model. 7 Mechanism of stabilin-1 mediated sorting of YKL-39 into the secretory pathway was similar to the sorting of SI-CLP which was previously identified by us. 33 In human macrophages, YKL-39 was co-localized with stabilin-1 in the Trans-Golgi network, where newly biosynthesized proteins are sorted into various secretory pathways, and further transported to the secretory lysosomes. 33 Stabilin-1 was further shown to mediate YKL-39 intracellular transport in the model cell line HEK293-YKL-39-FLAG ectopically expressing recombinant YKL-39. Pull-down assay using stabilin-1 fragments demonstrated that extracellular fasciclin domain F7 mediates the direct interaction of stabilin-1 with YKL-39. Our data suggested that YKL-39 is targeted by stabilin-1 into the lysosomal secretory pathway and can be released by human alternatively activated macrophages. In future, inhibition of stabilin-1 sorting abilities or knockdown of stabilin-1 can be done to confirm its role in the lysosomal targeting of YKL-39.
Analysis of biological activities of YKL-39 demonstrated that it acts as a new monocyte-attracting and pro-angiogenic factor. Both of these processes, monocyte recruitment into tumor mass and enhanced angiogenesis, were demonstrated to support tumor growth and metastasis in various types of cancer, including breast cancer. [42] [43] [44] Monocytes are intensively recruited into growing tumors by chemotactic factors secreted by tumor cells and stromal cells in the tumor microenvironment.
3,45 TAMs serve as a source of monocyte chemotactic factors, such as CCL2, CCL17, CCL18, and CCL22, where CCL2 (MCP-1) is the best investigated chemokine responsible for the recruitment of circulating monocytes to the tumor site. [46] [47] [48] [49] [50] Macrophages can also produce chitinase-like proteins YM1 and YKL-40 that have chemotactic activity. YM1 (present only in rodents, and absent in human) was described as a chemotactic factor towards eosinophils, T lymphocytes and polymorphonuclear leukocytes. 37 YKL-40 has a chemotactic activity towards macrophages in colorectal cancer. 51 The fact that other CLPs have chemotactic activity towards different cell types promoted us to analyze the chemotactic activity of YKL-39. 37, 51 We found that YKL-39 has a strong chemotactic activity toward human monocytes. The chemotactic effect of YKL-39 was comparable to that of CCL2, indicating that YKL-39 produced by TAMs can have a significant impact on the monocytes recruitment in breast cancer.
Tumor angiogenesis is a crucial process for supplying rapidly growing tumors with essential nutrients and oxygen. 3 Monocytes recruited to the tumor site and programmed by tumor cells are known as TAMs, providing the primary source of pro-angiogenic factors.
3,45,52,53 Among CLPs, the pro-angiogenic activity was previously demonstrated for YKL-40 in various types of cancer, including breast cancer and glioblastoma.
54,55 YKL-40 was demonstrated to stimulate tumor vascularization by the interaction with endothelial cells and by maintaining vascular integrity supported by smooth muscle cells. 22 Several studies demonstrated that YKL-40 has a direct effect on the endothelial cells by stimulating endothelial cell migration and tube formation in vitro, similar to VEGF. 56 The active YKL-40 concentrations were 80 to 200 ng/ml that corresponded to the serum levels of YKL-40 identified in cancer patients. 22, 57, 58 YKL-39 has a high structural similarity to YKL-40, however, YKL-39 is expressed only in human, but absent in rodents.
Here for the first time we demonstrated that YKL-39 significantly induced tube formation in HUVEC cells in vitro already at the concentration of 100 ng/ml. Therefore, YKL-39 is unique CLPs that combine monocyte attracting and pro-angiogenic activities, essential for tumor progression.
However, the data concerning the role of monocyte-attracting and pro-angiogenic factors in the response of tumor to the treatment are controversial. It was demonstrated that after chemotherapeutic treatment the increase of chemokine CCL2 levels and elevated amounts of CCR2C monocytes, are indicative for a higher risk of tumor relapse and poor drug response in different types of tumors. 59, 60 For example, in prostate cancer cell lines treated with docetaxel it was shown that the taxanestimulated up-regulation of CCL2 expression represented an inducible mechanism that contributes to chemotherapy resistance through the docetaxel-induced cytotoxicity. 61 In contrast, increased expression of CCL2 in ovarian cancer patients was associated with objective complete response, increased chemosensitivity, and progression-free survival. 62 Mechanistically, inhibition of CCL2-CCR2 interaction was shown to block the recruitment of inflammatory monocytes, to inhibit metastasis in vivo and to prolong the survival of tumor-bearing mice in PyMT mouse model of breast cancer. 63 However, despite promising results in the animal models, blocking of CCL2-CCR2 was not proven to have beneficial anti-tumor effect in Figure 6 . ELISA analysis of YKL-39 secretion in long-term macrophage cultures. Human CD14C monocytes, non-stimulated (NS) or stimulated with IL4 or IL4CTGF-beta were cultured for 6 and 12days. Highest levels of secreted YKL-39 were detected in the conditioned medium of IL4CTGF-beta stimulated macrophages on day 12. For the statistical analysis Student's paired t-test was used ( Ã p < 0.05). Error bars represent SE.
patients suggesting the presence of other than CCL2 strong chemotactic factors for TAMs. 64 The fact, that YKL-39 is absent in rodents and present in humans makes YKL-39 an attractive candidate for the inhibition of monocyte recruitment and TAMs accumulation in breast cancer patients.
Impairment of angiogenesis is considered a promising therapeutic option in metastatic disease. In solid tumors, the most well characterized angiogenic factor VEGF and its receptors are involved in carcinogenesis, invasion and tumor angiogenesis. High expression levels of VEFG in tumors have been correlated with enhanced tumor growth and metastasis both before and after chemotherapy. 65, 66 Many studies on metastatic breast cancer demonstrated that blocking VEGF using monoclonal antibody bevacizumab alone or with chemotherapy significantly increased PFS but had no impact on long-term outcome such as overall survival. Moreover, another category of anti-angiogenic drugs, tyrosine kinase inhibitors (sunitinib, sorafenib, axitinib) were not successful in establishing a beneficial effect in advanced breast cancer. YKL-40 was suggested as an additional to VEGF target in order to inhibit tumor angiogenesis. Anti-YKL-40 antibody mAY has demonstrated promising anti-angiogenic effect both in vitro and in vivo in the pre-clinical animal tumor models. 22 Identified by us strong pro-angiogenic effect of YKL-39 in vitro, and demonstrated in this study high levels of YKL-39 expression in TAMs in breast cancer; makes YKL-39 a promising candidate for the anti-angiogenic therapy, that can be combined with the conventional therapy schemas.
In breast cancer, chemotherapy is a common strategy to reduce tumor size and aggressiveness before the surgical intervention. 67 However, only part of breast cancer patients respond efficiently to the pre-operative chemotherapy. The sensitivity to therapy is only partially explained by the presence of specific genetic alterations, for example the amplification of the locus of TOP2a gene. [68] [69] [70] Evidences accumulate that TAMs as a component of tumor microenvironment are critical for the response to chemotherapy. 71, 72 TAMs may contribute to resistance to therapy and facilitate tumor progression via maintenance of tumor cell survival and stimulation of tumor revascularization. 73, 74 However, TAMs can also induce tumor cell death during chemotherapy by recruiting inflammatory cells into the tumor site and activation of the immune response. 75 In the present study we identified, that YKL-39 is expressed only by TAMs, but not by cancer cells or other stromal cells in human breast cancer, and analyzed the association of expression levels of YKL-39 with response to cancer therapy and distant metastasis during the 5-years follow-up period.
For the first time, we demonstrated that high levels of YKL-39 gene expression after neoadjuvant chemotherapy, independently on tumor stage and grade, were associated with metastasis and are indicative for the poor response to NAC in breast cancer patients. Therefore, YKL-39 is a new TAMs derived factor that can define the efficiency of preoperative therapy independently in the genetic alterations in cancer cells. In summary, we identified that tumor-associated macrophages in breast cancer produce new monocyte attracting and pro-angiogenic factor YKL-39. The elevated levels of YKL-39 in tumors after neoadjuvant chemotherapy were indicative for the increased risk of metastasis formation. We suggest that YKL-39 is a promising target for cancer therapy, and targeting of YKL-39 can be considered in combination with NAC in breast cancer patients in order to reduce the risk of metastasis formation. 
Materials and methods
Patients and treatment
Evaluation of neoadjuvant chemotherapy
Evaluation of neoadjuvant chemotherapy (NAC) effect in the group of patients with breast cancer who received treatment was carried out according the RECIST (Response Evaluation Criterion Solid Tumors) and International Union Against Cancer 77 after two courses of chemotherapy based on the results of clinical examination, breast ultrasound and mammography. Complete response (100% of tumor reduction), partial response (decrease in tumor volume by more than 50%), stabilization (decrease in volume by less than 50% or no more than 25% of increasing) and progression (increase in tumor volume by more than 25%) were registered. According to international recommendations, Figure 10 . YKL-39 stimulates angiogenesis in vitro. Human microvascular endothelial cells (HUVECs) were loaded on a layer of Matrigel and cultured overnight in the presence of human YKL-39 (100 ng/ml or 1 ug/ml) for tube formation assay. Vessel-like tubes were quantified. Replicates were checked for each group, all with 3 repeats. patients with stabilization or progression compiled the group with no response to NAC, and patients with partial response composed the group with objective response. 68 Immunohistochemical analysis of breast cancer samples 
RNA isolation and quantitative PCR analysis for patient samples
Biopsy specimens (» 10 mm 3 ) taken under ultrasound control before NAC and post-operative tissue taken after NAC from 40 breast cancer patients with preoperative treatment were used. Tumor samples were placed in RNAlater solution (Ambion, USA) and stored at ¡80 C. RNA was isolated using RNeasy Plus mini kit containing DNAase I (Qiagen, Germany,) in accordance with manufacturer instruction. The concentrations of RNA and isolation purity were evaluated on NanoDrop-2000 spectrophotometer (Thermo Scientific, USA). Integrity of extracted RNA was estimated using the capillary electrophoresis instrument TapeStation (Agilent Technologies, USA) and R6K ScreenTape kit (Agilent Technologies, USA). RIN was 6.6 -8.8. Reverse transcription reaction was performed for cDNA synthesis on the RNA template, using the RevertAid TM kit (Thermo Scientific, USA) with random hexanucleotide primers according to the manufacturer instruction. The level of YKL-39 gene expression was measured by Real-Time qPCR by TaqMan technology using Thermocycler RotorGene-6000 (Corbett Research, Australia). qPCR was performed in triplicates. Primers and probes (FAM-BHQ1) were selected using Vector NTI Advance 11.5 and NCBI database (http://www.ncbi.nlm.nih. gov/nuccore) ( Table 6 ).Primers and probes were synthesized by DNA-synthesis Company (Moscow, Russia). The expression level of YKL-39 in breast cancer specimens was normalized according to the GAPDH (glyceraldehydes-3-phosphate dehydrogenase) and ACTB (Actin B) and was counted by Pfaffl method. RNA from 10 patients, isolated from normal breast tissue obtained during surgery from patients who did not receive NAC, was used as a calibrator, where average level of YKL-39 gene expression normalized to GAPDH and ACTB was identified as "1".
Monocyte isolation and cultivation
Monocytes were isolated from the buffy coats of health donors obtained from the German Red Cross Blood Service Baden-W€ urttemberg-Hessen as previously described. 78 Briefly, human monocytes were isolated by density gradients followed by positive magnetic selection using CD14C MACS beads (Miltenyi Biotech, Bergisch Gladbach, Germany). Monocytes were cultured at a concentration of 10 6 cells/ml in serum-free X-VIVO medium (Lonza, Germany) supplemented with 1 ng/ml M-CSF (Peprotech, Germany) and 10 ¡8 M dexamethasone (SigmaAldrich, Germany). 10 ng/ml IL-4 (Peprotech, Germany) alone or in combination with 10 ng/ml TGF-beta (Peprotech, Germany) were used to obtain M2 type macrophages. The cells were incubated in the presence of 7.5% CO 2 for 6 and 12 days and used for the further analysis.
Cytospin samples preparation
For immunofluorescence, macrophages were subjected to cytospin preparation as described. 78 Cells on coverslips or cytospins were fixed for 10 min in 2% PFA in PBS, permeabilized for 15 min in 0.5% Triton X-100 in PBS, and fixed for 10 min with 4% PFA in PBS. All fixation and staining procedures were performed at RT. Cytospins were dried and stored at ¡80 C after extensive washing in PBS. 78 
Antibody generation and characterization
To generate antibodies against human YKL-39, Lou/C rats and C57 BL/6 mice were immunized with ovalbumin-coupled peptides spanning aa 364-377 and 133-154, respectively, using standard procedures as described. 79 Specificity of antibodies was verified by enzyme-linked immunoassay on peptides and by Western blotting using stably transfected HEK293-YKL-39-FLAG and HEK293-vector cells generated by stable transfection with plasmids pSNAP-YKL-39-FLAG and pSNAP-tag. The hybridoma cells of YKL-39-reactive supernatants were cloned at least twice by limiting dilution. Rat monoclonal antibody 18H10 (IgG2 a/k) and mouse monoclonal antibody 4E10 (IgG1/k) were used in this study.
Immunofluorescent staining and confocal microscopy
Indirect immunofluorescence was performed using following antibodies: anti-YKL-39 rat monoclonal antibody 18H10, antistabilin-1 rabbit polyclonal antibody RS-1, anti-cytokeratin mouse antibody AE1/AE3 (Dako, USA), anti-FAP antibody (R&D systems, USA), anti-CD31 mouse monoclonal antibody (Dako, USA), p62lck (B&D bioscience, USA), LAMP-1 (Santa Cruz, USA), CD63 (B&D bioscience, USA) and TGN46 (B&D bioscience, USA). Visualization of the cells was performed using corresponding secondary antibodies: donkey anti-rat Cy3-conjugated, donkey anti-sheep Cy5-conjugated, donkey anti-rabbit Alexa488-conjugated, donkey anti-sheep Alexa488-conjugated and donkey anti-mouse Alexa488-conjugated antibodies (all from Dianova, dilution 1:400). DRAQ5 (Cell Signaling Technology, Germany) was used for nuclear visualization. Immunofluorescent staining was performed as described. 78 Confocal laser scanning microscopy was performed with a Leica TCS SP8 laser scanning spectral confocal microscope, equipped with a 63 £ 1.32 objective. Excitation was with an argon laser emitting at 488 nm, a krypton laser emitting at 568 nm, and a helium/neon laser emitting at 633 nm. All twoor three-color images were acquired using a sequential scan mode. Data were acquired and analyzed with Leica confocal software and assembled using Adobe Photoshop version 6.0 (Adobe Systems, CA).
Quantitative PCR analysis for primary macrophages
Real-time RT-PCR analyses of YKL-39 from primary macrophages were performed using Hs00187790_m1 TaqMan assay (Thermo Fisher Scientific, Germany). The expression levels of YKL-39 were normalized according to the GAPDH (MWGBiotech, Germany). The experiments were performed on Light Cycler 480 Real-Time PCR system (Roche, Germany) using standard conditions. Notes: all probes-FAM !BHQ1; NM-number of sequence of RNA in NCBI Nucleotide Database (http://www.ncbi.nlm.nih.gov/nuccore); bp-base pair; F-forward primer; R-reverse primer.
Monocyte migration assay
Migration of monocytes was performed using a 5 mm-pore size trans-well system (Corning, US). The migration inserts containing 1 £ 10 6 monocytes in 100 mL were placed into a 24-well plate containing 600 mL of either media alone, recombinant human YKL-39 (100 ng/ml, Sino Biological Inc, China) or MCP-1/CCL2 (100 ng/ml, R&D, Germany). The monocytes in the inserts were incubated for 1 hour or 3 hours. After migration, the cells on the trans-well membranes were fixed with 4% PFA and stained with Mayer's hemalum solution (Merck, Germany). The cell numbers per field were counted of 10 random fields on each membrane (bottom side). The number of transmigrated cells in the lower chamber was counted by Casy Model TT cell counter (OLS, Germany).
Enzyme-linked immunosorbent assay
Quantitation of YKL-39 secretion in macrophages conditioned medium was performed using Human YKL-39/CHI3L2 ELISA Kit (Lifespan BioSciences, US) according to the manufacturer's instructions.
Cell proliferation assay
Human breast adenocarcinoma MCF-7 cells (2 £ 10 4 per well) were cultured in DMEM (Thermo Fisher Scientific, Germany) medium supplemented with 10% fetal bovine serum (Biochrom, Germany) and antibiotics (penicillin/ streptomycin solution, Biochrom, Germany). The MCF-7 cells were seeded in 24 well plates and stimulated with YKL-39 (100 ng/mL) for 24 hours and 48 hours, followed by trypsinization and assessment of proliferation using Click-iT Ò EdU Alexa Fluor 488 Flow Cytometry Assay Kit (ThermoFisher Scientific, Germany) according to manufacturer instructions. Cell proliferation was analyzed by flow cytometry using BD FACS Canto II flow cytometer (Core facility, Medicine Faculty Mannheim).
Angiogenesis assay
Human umbilical vein endothelial cells (HUVEC) were generously provided by Prof. Dr. Karen Bieback (Institute of Transfusion Medicine and Immunology, Medical Faculty Mannheim, Heidelberg University) and transferred onto 96-well growth-factor reduced Matrigel (BD company, US) (1.7 £ 10 4 cells per well). Purified recombinant YKL-39 (Sino Biological Inc, China) was added at the concentrations 100 ng/ml or 1000 ng/ml. EBM-2 Basal Medium (Lonza, Germany) was used as negative control. EGM-2 medium containing EGF, VEGF, R3-IGF-1 and hFGF-b cocktail (Lonza, Germany) was used as a positive control. Incubation was performed for 18 hours at 37 C. Tubeforming structures were analyzed by using Leica Axiovert 100 light microscopy (Zeiss, Germany). Amount of vessel-like tubes was quantified using the AxioVision Image software. Each experiment was performed in triplicates.
Statistical analysis
Results of RT-qPCR, ELISA assay, migration assay and proliferation assay were evaluated by student's t tests using GraphPad Prism 6 software (GraphPad Soft Inc).The differences of IHC samples were analyzed by the one way ANOVA or Chi-square test using STATISTICA 8.0 (StatSoftInc). For RT-qPCR analysis of patient samples, the Chi-square test and Spearman correlation analysis were used. Results were considered to be significant with ÃÃ p < 0.01 and Ã p < 0.05. 
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